Abstract: Mode-division multiplexing (MDM) is currently under study due to its potential to further increase data rates in optical communication circuits. In this paper, we propose an add/drop MDM for the first-and second-order modes that cover the whole C-Band (1.53-1.57 m). The device is based on a Mach-Zehnder interferometer, including periodic waveguides in the arms. Mode selectivity is provided by means of the periodic waveguides, which are designed to allow the propagation of the second mode and to reflect the first mode. The proposed device exhibits less than 1 dB insertion loss and more than 30 dB extinction ratio in the whole C-Band. Furthermore, it presents wide fabrication tolerances.
Introduction
Bandwidth demand in optical communication systems is continuously growing [1] , [2] . Wavelength Division Multiplexing (WDM) circuits were proposed to increase the aggregate bandwidth of the optical communications. However, WDM is reaching its limits and to further increase the aggregate bandwidth another level of orthogonality is needed. Mode Division Multiplexing (MDM) appears as a solution to keep up with bandwidth requirement [3] . Even though it is possible to find nowadays good solutions for implementing MDM systems in fiber optics and in free space optics [4] , [5] , in planar integrated optics MDM systems are still in a early research stage. Several propositions of devices and subsystems for MDM in integrated optics appeared recently, including mode converters, combiners and add/drop multiplexers. These devices usually rely either on Y-junctions [6] - [8] , which can require tight fabrication tolerances or on evanescent coupling by means of Directional Couplers (DC) [9] - [13] , Tapered Directional Couplers (TDC) [14] or Ring Resonators (RR) [15] , [16] , which are intrinsically narrowband. In this work we present a novel kind of Add/Drop Mode Division Multiplexer that overcomes those constraints, it is based on a Mach-Zehnder interferometers with periodic waveguide grating as arms. The device exhibits Insertion Loss below 1 dB and Extinction Ratio higher than 30 dB for a bandwidth exceeding the whole C-Band of optical communication (1.53-1.57 m). Furthermore, it can be fabricated with standard Deep-UV lithography.
This paper is organized as follows. In Section 2, the principle of operation of the device and the physical phenomenon in which it is based are presented and discussed. Section 3 is devoted to the design of each part of the device. The simulation results of the complete device are presented in Section 4, along with an explanation on the simulation procedure and a study of tolerance to fabrication errors. Finally, Section 5 summarizes the main conclusions of this work.
Principle of Operation
The proposed device consists on a Mach-Zehnder interferometer including periodic waveguides in both arms [see Fig. 1(a) ]. The principle of operation is the following: the first and second order modes go into the device through the port IN. Both modes are split by the first 3 dB=9
coupler. In the periodic waveguides the first order mode is reflected and then combined into the 3 dB=90 coupler in the DROP port, whereas the second order mode is propagated through the periodic waveguide grating and is combined by the 3 dB=90 coupler in the OUT port. Another first order mode can also be introduced in the ADD port to be coupled with the second order mode in the OUT port. The ability of a periodic waveguide grating to allow the propagation of the second order mode whereas reflecting the first order mode is shown in Fig. 1(c) and (d) , where the real and the imaginary part of the effective index of both first and second order Bloch modes of a periodic waveguide [see Fig. 1(b) ] are represented. It can be clearly seen that the first mode is within the Bragg regime ðRe½n eff ¼ =2ÃÞ, i.e., being reflected, while the second mode is in the sub-wavelength regime and can propagate without losses or reflections in the periodic structure [17] , [18] . Furthermore, Fig 
Device Design
Once the periodic waveguide that provides the selectivity between the first-and second-order modes is designed, a transition (taper) between conventional strip waveguide and periodic waveguide has to be designed. The design of the tapers was based on the method proposed in [19] , with some modifications for taking into account two modes instead of one. The structure of the proposed transition is sketched in Fig. 2(a) . Two parameters (the bridge width ðw bridge Þ and pitch ðÃÞ) change along the taper length while the waveguide width (W) was kept constant. Imaginary part of the Bloch effective index as a function of bridge width and pitch for the first and second order modes are shown in Fig. 2(b) and (c), respectively. These maps were computed by means of a 2-D in-house simulation tool (FEXEN) specifically designed for Bloch mode calculations [20] . Colored regions, where the imaginary part of the reflective index is different from zero correspond to the Bragg regime for each mode. The tapers have to be designed so that the second mode avoid the Bragg regime and is efficiently coupled in the subwavelength regime, while the first mode is coupled in the Bragg regime in order to be totally reflected. Within these maps, different taper options can be represented as the lines between the final point of the taper (B) (w bridge j final ¼ 0 m, Ãj final ¼ 355 nm) and the initial point (A) (w bridge j initial ¼ 1 m, Ãj initial to be designed). The pitch at the beginning of the taper ðÃj initial Þ should be similar to the final pitch ðÃj final Þ to obtain a taper as short as possible. However, the initial pitch has to be sufficiently small to avoid reflections of the second order mode due to proximity to the Bragg regime [see Fig. 2(c) ]. An initial pitch of Ãj initial ¼ 250 nm is chosen as a trade off solution. A taper with linear evolution in pitch and square-root evolution in bridge width is proposed. This configuration maximizes the overlap of the taper path with the reflectivity of the first order mode [see Fig. 2(b) ]. The square-root evolution for the bridge width follows the relation
In order to evaluate taper performances, S parameters (transmission, reflection) as a function of the taper length were calculated for back to back configuration [see Fig. 3 (inset) ]. We used 50 nm as the final bridge width. Results are shown in Fig. 3 . It can be seen that the taper reached the adiabaticity for taper lengths as short as 10 m. We also notice that only the second order mode is transmitted while the first order mode is completely reflected. This means that compact structures with only the tapers in back to back configuration are enough to obtain Completing the whole device requires to design the 3 dB=90 couplers working for both the first and the second order modes over a wide bandwidth (C-Band). A MMI coupler, designed using the method proposed in [21] , is chosen to implement the 3 dB=90
couplers. The dimensions of the designed MMI [see Fig. 4 (inset)] were 2 m for the width of input/output waveguides, 500 nm for the gap between the two input and output waveguides, 4.5 m for the width of the MMI zone, and 77.5 m for its length. The device was simulated using a 3-D full-vectorial simulator based on the eigenmode expansion method (EME) [22] . In order to evaluate the performance of the designed MMI, S parameters were calculated as a function of the wavelength. Results are shown in Fig. 4 , where Imbalance, phase relation, and Insertion Loss of the MMI are represented. It can be seen that the overall performance is better for the first mode than for the second mode. This behavior can be understood since the decomposition of the second mode into the modes of the MMI zone rely on higher order modes that are less paraxial. However, the Insertion Loss in the C-Band is lower than 0.5 dB for both modes, the Imbalance is below 1 dB and the phase error under 5 .
Simulation Results of the Complete Device
Finally, the layout of the complete add/drop mode division multiplexer is shown in Fig. 5 . It comprises periodic tapers in back to back configuration and two MMIs, with tapers to adapt the width of the waveguides with the MMI input/output widths. The simulation of the performance of the complete device is not straightforward using a FDTD simulation tool, due to the length of the input and output MMIs. Then, in order to simulate the complete device in 3-D, S parameters matrices were calculated for each part of the device and then concatenated to obtain the global S parameters of the device. MMI's S parameters were calculated using the 3-D EME method taking into account both the first-and the second-order modes. S parameters of the tapers in back to back configuration are calculated using FDTD [22] . It is necessary to point out that two FDTD simulations are needed to obtain the whole set of S parameters, one for each mode. The resulting S parameters for the complete device are summarized in Fig. 6 , where Insertion Losses (IL), Extinction Ratio (ER) and Reflections are represented as a function of wavelength. IL lower than 1 dB in the C-Band was obtained. The 
ER 1 st mode was limited by the small amount of light from the second mode coupled to port 2, that was mainly due to small reflections of the second mode on the periodic tapers. From  Fig. 6(b) it can be seen that ER is higher than 30 dB for the whole C-Band. Light coupled to port 3 coming from the second mode (S 31 2nd mode) is below À20 dB. However it can be further reduced by tapering port 3 until achieving single-mode condition in the waveguide. Light coupled to first mode in ports 4 and 3 (S 41 and S 31 1st mode) is below À60 dB, which means that the periodic tapers completely reflect the first mode. Crosstalk is due to mode conversion, i.e., light coupled to the second order mode when we excited with the first order mode and vice versa. The calculated crosstalk between the first and second modes was better than 20 dB in the complete C-Band.
The minimum feature size (MFS) is usually located in the periodic waveguide. The MFS is 50 nm ðw bridge j final Þ, compatible with 193 nm deep-UV immersion lithography techniques. From  Fig. 6 , it can be seen that the device is not very wavelength-dependent. This is due to the fact that the working principle in the periodic waveguides exhibits a broadband bandwidth. Furthermore, due to this low wavelength dependency fabrication tolerances are expected to be relatively wide. In order to calculate the fabrication tolerances of the device, IL and ER have been computed as function of the fabrication error. Width changes were considered, it is important to point out that to perform a rigorous tolerance study, the duty cycle was changed accordingly to width variation. In order to lighten the computational effort, a 2-D model was obtained by means of the effective index method (EIM) and simulated using FEXEN [20] . Results are shown in Fig. 7 , representing IL and ER as a function of fabrication error. As expected, the device exhibits wide tolerance to fabrication errors exceeding 70 nm (from À35 nm to 35 nm) for IL and ER below than 1 dB and higher than 20 dB, respectively. The state-of-the-art of mode multiplexers in terms of fabrication tolerances is the tapered Asymmetric Directional Coupler (ADC) presented by Dorin et al. in [15] . It exhibits 25 nm of fabrication tolerance (from À20 nm to 5 nm) for a coupling loss of 1 dB: less than a half of the fabrication tolerance of our device.
Conclusion
In conclusion, a novel kind of Add/Drop Mode Division Multiplexer has been proposed and designed, based on a interferometric structure with periodic waveguides. The device relies on the ability of periodic waveguides to work on the Bragg regime for the first mode and on the SWG 
